Plants have unique disease response mechanisms that work against various pathogens. Local acquired resistance, characterized by the rapid synthesis of reactive oxygen and rapid cell death in infected tissue surrounding an infected area, is one example. Systemic acquired resistance (SAR), on the other hand, is regarded as a whole-plant resistance characterized by non-specific responses, including the induction of a series of defense gene expression responses. Upon pathogen infection, salicylic acid (SA) accumulation and various forms of SAR related gene expression occur at the whole-plant level as well as the site of infection. The acidic pathogenesis-related (PR) gene, one of the main genes induced in response to SAR induction, is often used as an indicator of SAR and in the characterization of chemicals that induce defense gene expression. 1) Acidic PR-1 genes have been identified in various plant species, including tobacco and Arabidopsis. Although its function is not entirely clear, the PR-1 protein is classified as an antifungal protein.
2) Because of its marked responsiveness to pathogen infection and SAR induction, expression of PR-1 gene is often used as a marker for defense-gene expression in plants, and is regarded as a reliable indicator of defense-gene induction in Arabidopsis and tobacco. [3] [4] [5] [6] Our previous results indicate that the PR-1a promoterfirefly luciferase (Fluc) gene fusion reporter, PR-1a::Fluc, can monitor transient PR-1a expression in tobacco BY-2 cells and can be induced by co-expression of a positive regulator for the PR-1 gene, NPR1 (non-expressor of pathogenesis related genes 1) of Arabidopsis. 7) In this study, we tested the responsiveness of acidic PR-1 gene promoters from tobacco and Arabidopsis by transient assay by particle bombardment in various plant tissues. Further, to develop a non-invasive bioluminescence monitoring system in planta, we characterized the regulated expression of the tobacco PR-1a promoter in response to treatment with chemicals in transgenic Arabidopsis. To evaluate possible application in a highthroughput system, we also investigated the assay system using transgenic Arabidopsis seedlings to monitor SA-inducible gene expression in a 96-well plate.
Materials and Methods

Construction of plasmids. The 35S
m ::Rluc plasmid was constructed by introducing a mutation within the as-1 element of the 35S::Rluc 8) by site-directed mutagenesis (Toyobo, Osaka, Japan) by inverse PCR with primers as-1-M1 (ACTGGTGTAAGGGATGATGCACAATCCCAC) and as-1-M2 (GGAGATATTACATCAATCCACTTGCTTTGA). To construct PR-1::Fluc, the promoter region was amplified from the genomic DNA of A. thaliana (ecotype Columbia) by PCR using primers AtPR1 pro1 (CAGCTGCAGGTAATAATATCCTATGG-TGTC) and AtPR1 pro6 (ACGCCATGGATTTTGGGGTTCGTAAA-CATC). The PCR conducted with KOD DNA polymerase (Toyobo) under the conditions recommended by the manufacturer. The reaction mixture was kept at 94 C for 4 min, followed by 30 cycles at 94 C for 1 min, 58 C for 1 min, and 74 C for 1 min, and then at 74 C for 3 min. The amplified DNA was digested with PstI, followed by blunting reaction by means of T7 DNA polymerase, and then was digested with NcoI. The resulting 1.3-kb fragment was ligated into the HindIII-blunt/ NcoI digested 35S::Fluc plasmid. 8) Microprojectile bombardment and luciferase assays. Transient expression by microprojectile bombardment and the dual-luciferase y To whom correspondence should be addressed. Tel/Fax: +81-45-339-4413; E-mail: hiratsk@ynu.ac.jp Abbreviations: SAR, systemic acquired resistance; SA, salicylic acid; PR, pathogenesis-related; Fluc, firefly luciferase; DLRA, dual-luciferase reporter assay; Rluc, Renilla luciferase; NPR1, non-expressor of pathogenesis related genes 1; NIM1, noninducible immunity 1; 35S, cauliflower mosaic virus 35S RNA; BTH, benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester; 4HBA, 4-hydroxybenzoic acid reporter assay (DLRA) were as described previously.
7) The generation of a transgenic Arabidopsis plants and in vivo bioluminescence imaging were carried out as described previously.
9)
RNA gel blot analysis. Total RNA was extracted with an RNeasy Plant Mini Kit (Qiagen, Valencia, CA). RNA samples were fractioned on 1% agarose-formaldehyde gels and blotted onto a Hybond Nþ membrane. Detection of PR-1 mRNA was conducted by the AlkPhos Direct system following the manufacturer's protocol (GE Healthcare, Pittsburg, PA).
Assays using multi-well plates. Four seeds were dispensed into each well of a 96-well plate with 50 mL of water. After it was stored at 4 C for 5 d in the dark, the plate was transferred to continuous light (50 mM m À2 s À1 ) at 22 C for 5 d. The chemicals, dissolved in DMSO, were added 24 h after the addition of luciferin (final 100 mM concentration) and then incubated under continuous light at 22
C. Bioluminescence imaging was conducted as described previously.
Results
Transient assay in various plant cells
The tobacco PR-1a promoter-Fluc reporter plasmid (PR-1a::Fluc) and the Arabidopsis PR-1 10) promoterFluc reporter plasmid (AtPR-1::Fluc) were introduced into tobacco BY-2 cells by microprojectile bombardment. Both promoter-reporter fusions were constructed as translational fusion genes using the first methionine of the PR protein coding region as the initiation codon of the Fluc reporter. The transient expression levels of the Fluc and its co-reporter, Renilla luciferase (Rluc), were monitored by the dual-luciferase reporter assay system (DLRA). In order to reduce background levels of the coreporter due to the presence of SA-responsive elements within the promoter sequence of the plasmid, we exploited the Rluc reporter expressed under control of CaMV35S with a mutated as-1 element (35S m ::Rluc) as the internal standard of the assay. As shown in Fig. 1A , the induction level of the PR-1a promoter due to SA treatment was evident, while no significant induction was observed in the AtPR-1 promoter in the BY-2 cells.
Next, we compared AtPR-1 and PR-1a promoter activities in various plant tissues. Transient assay by microprojectile bombardment was conducted using mature leaves of Arabidopsis, lettuce, and spinach. As shown in Fig. 1B -D, the results of DLRA indicated that the PR-1a promoter showed higher Fluc induction levels due to SA treatment in all samples tested. On the other hand, relatively modest induction of the reporter was observed for the AtPR-1 promoter.
It has found that Arabidopsis NPR1, also known as NIM1, is a key regulator of SA-inducible transcription of PR genes in Arabidopsis. Mutation of this gene leads to a loss of induction of SA-inducible PR genes, including Arabidopsis AtPR-1. 11, 12) To confirm the involvement of NPR1-dependent transcriptional control in AtPR-1 and the tobacco PR-1a promoter in the SAdependent induction observed in our experiments, we used transient assay using an Arabidopsis npr1-1 mutant background, which lacks expression of the functional NPR1 protein. As shown in Fig. 2 , no induction of the Arabidopsis AtPR-1 and the tobacco PR-1a promoter by SA treatment was observed in the npr1-1 mutant (Fig. 2) . The expression levels of the PR-1a and the AtPR-1 promoter in the leaves of non-induced samples were significantly lower in the npr1-1 mutant background than in the wild type. Unlike the wild-type plants, the SA-treated samples of the npr1-1 mutant show a tendency towards reduction of PR gene promoter expression as compared with treatment with 4HBA.
Bioluminescence detection of PR-1a::Fluc expression in transgenic Arabidopsis
The results of transient assay suggest the possibility that the tobacco PR-1a promoter is a potent disease response indicator not only in tobacco but also in Arabidopsis. To test further the regulated expression of the tobacco PR-1a promoter in a stable transformant of Arabidopsis, we generated transgenic plants harboring PR-1a::Fluc. By SA treatment of mature transgenic Arabidopsis leaves, induction of PR-1a expression was observed as a clear increase in Fluc activity (Fig. 3A) . In order to compare the induction of reporter activity to internal mRNA levels, we performed RNA gel blot analysis of SA-treated mature leaves using the AtPR-1
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AtPR-1 coding sequence as a probe. As shown in Fig. 3B , the Arabidopsis AtPR-1 mRNA accumulation pattern resembled closely that of luciferase activity under the assay conditions of this study.
In an attempt to apply the Arabidopsis system in high-throughput screening, we did an in vivo assay with Arabidopsis seedlings in a 96-well plate. Transgenic Arabidopsis seeds harboring PR-1a::Fluc were germinated in the multi-well plate and were tested for bioluminescence detection of PR-1a promoter induction.
As shown in Figs. 4 and 5, using transgenic Arabidopsis seedlings, PR-1a::Fluc induction was detected starting 6 h after SA treatment, and the expression levels reached maximum within 24 to 48 h. On the other hand, no Fluc induction was observed in the control samples treated with an SA analog, 4HBA. Also, concentrationdependent increases in expression levels by SA and BTH (benzo (1,2,3 )thiadiazole-7-carbothioic acid Smethyl ester) were clearly observed. These results indicate that the system is applicable in the investigation of agents that induce defense-gene expression in Arabidopsis seedlings.
Discussion
Although the sequence homology is rather limited, the modes of induction of the genes encoding the acidic PR-1 protein of tobacco and Arabidopsis are very similar in terms of responsiveness to inducing factors. As pointed out previously, the tobacco PR-1a promoter and the Arabidopsis AtPR-1 promoter share low homology, but they contain very similar cis-regulatory elements within their sequences. These include the as-1-like element, the C under constant light. Bioluminescence levels were monitored by the Argus-50/VIM system at 0, 12, 24, and 48 h after treatment. Values are mean AE SD for three independent measurements. B, RNA gel-blot analysis of endogenous PR-1 mRNA. Mature Arabidopsis leaves were sprayed with 1 mM SA or 4HBA, and incubated at 21 C under constant light. Leaves were harvested at the indicated times after treatment. Ten mg of total RNA was separated, transferred to a nylon membrane, and then hybridized with the PR-1 cDNA fragment. Integrity and equal loading of the RNA were confirmed by observing ethidium bromidestained RNA bands, shown in the lower panel. A 96-well plate containing transgenic Arabidopsis seeds was prepared, and the plate was treated with SA, BTH, or 4HBA at the indicated concentrations. The bioluminescence images were captured using the Argus-50/VIM system at the indicated times after treatment.
GT-1 box, the myb-binding site and the W box. [13] [14] [15] [16] [17] [18] The common cis-regulatory elements are indicative of involvement in similarly regulated expression of the PR-1 genes, and the involvement of common regulatory elements suggests that these promoters are regulated by a common transcriptional control system.
The results obtained in this study indicate that the tobacco PR-1a promoter is functional not only in tobacco and Arabidopsis but also in other species, and indicate the presence of similar regulatory systems for SA-inducible genes at the level of transcription. Clear induction due to the SA treatment observed in lettuce and spinach suggest a possible use of the tobacco PR-1a promoter in the study of the regulated expression of defense-related genes in these species. On the other hand, the AtPR-1 promoter did not show marked induction in response to SA treatment under the experimental conditions of this study. These results might be consistent with previous studies of RNA gel blot analysis of tobacco PR-1a and Arabidopsis AtPR-1, which indicated that the former is more sensitive than the latter when induced by treatment with BTH. In fact, a difference in responsiveness of these two genes was evident: PR-1 was induced by treatment with 0.12 mmol BTH, while PR-1a induction in tobacco was observed at up to 0.012 mmol BTH. 3, 19) Our previous results for co-expression of Arabidopsis NPR1 or npr1-1 with tobacco PR-1a::Fluc indicated that the functional Arabidopsis NPR protein acts as a coactivator in tobacco BY-2 cells. 7) In this study, using Arabidopsis npr1-1 mutant leaves, we observed drastic reductions in Arabidopsis AtPR-1 and tobacco PR-1a promoter expression levels by transient assay. Also, induction by SA expression assay using leaves of the npr1-1 mutant indicated that regulated expression of the tobacco PR-1a promoter is under the control of the NPR1 protein. The results obtained here suggest that the tobacco PR-1a promoter is controlled by the same regulatory mechanisms as its Arabidopsis counterpart and might be a better choice for construction of the reporter gene to monitoring defense gene expression, even in Arabidopsis.
A time-course measurement of the induction levels of tobacco PR-1a promoter activity agreed well with the mRNA accumulation pattern of the endogenous AtPR-1 gene. This suggests that the bioluminescence reporter based on tobacco PR-1a promoter activity faithfully represents the regulated expression of endogenous defense-gene induction levels.
We have reported induction of the tobacco PR-1a promoter by SA treatment of transgenic tobacco, tobacco BY-2 cells and Arabidopsis mature plants. 9, 20) In this study, we found that induction of the PR-1a promoter was easily detectable even in Arabidopsis seedlings germinated in multi-well plates. This is particularly important in considering the utilization of transgenic seedlings in high-throughput screening using multi-well plates. 21) High-throughput screening in the 96-multiwell format should provide an excellent assay system for screening of chemical libraries that are not readily available in large quantities.
As shown in Figs. 4 and 5, the induction of the bioluminescence in transgenic seedlings in the multiwell plate was detected by SA treatment at a final concentration of 10 mM/L. Compared with previous studies in which higher concentrations of chemicals were generally used, the high sensitivity of this assay system is advantageous in terms of the search for chemicals specifically inducing defense-gene expression. Also, consecutive analysis for 48 h enabled us to carry out induction experiments with secondary treatment.
Mutant screening systems using transgenic Arabidopsis harboring AtPR-1::Fluc have been reported. 22, 23) However, the use of AtPR-1 promoter might be problematic due to low sensitivity against induction signals generated by SA-dependent activation of defense-related genes. On the other hand, due to its better responsiveness, the use of the tobacco PR-1a promoter can be an ideal system for screening mutants with altered expression of defense-related genes.
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